Radiative forcing by reflecting (e.g., sulfate, SO4) and absorbing (e.g., black carbon, BC) 13 aerosols is distinct: the former cools the planet by reducing solar radiation at the top of the 14 atmosphere and the surface, without largely affecting the atmospheric column, while the latter 15 heats the atmosphere directly. Despite the fundamental difference in forcing, here we show that 
Introduction 27
Greenhouse gas-induced global warming is partially masked (Ramanathan and Feng, 2008) by 28 the accompanying increase in anthropogenic aerosols (Smith et al., 2011) . Relative contribution 29 of aerosol masking effect on global temperature is hard to quantify for the following reasons: (a) 30 some aerosols (e.g., black carbon (BC) and organics) absorb sunlight and heat the planet (Bond 31 et al., 2013) and (b) aerosol microphysical effects on clouds are complex (Rosenfeld and Wood, 32 2013). Many ongoing efforts aim to reduce uncertainties in radiative forcing (Xu et al., 2013) 33 and quantify the surface temperature response to aerosols (Levy et al., 2013) . The atmospheric 34 circulation response to reflecting aerosols has important effects on regional climate (e.g., the 35 Indian monsoon (Bollasina et al., 2011) ) and hydrological cycle (Shindell et al., 2012; Hwang et 36 al., 2013). Much attention has been given to absorbing aerosols for the direct atmospheric 37 heating effect, including BC (Meehl et al., 2010) and dust (Vinoj et al., 2014) . It is often argued 38 that, by heating directly the atmosphere, absorbing aerosols can greatly perturb the atmospheric 39 temperature structure, causing changes in stability and circulation (Lau et al., 2006) . The 40 atmospheric response, especially that of clouds, is hypothesized to be sensitive to the vertical 41 profile of atmospheric heating (Koch and Del Genio, 2010) . Reflecting aerosols, however, are 42 hinted less effective in driving large-scale circulation changes (Allen et al, 2012 carbon and dust) on surface albedo (Flanner et al., 2007) . 74 Note that in this study we used BC, a strong absorber, to characterize absorbing aerosols that also 75 include dust and organic aerosols. Similarly, we used SO4 to characterize reflecting aerosols 76 although dust and organic aerosols are also partially reflecting. This approach provided a clearer 77 contrast between these two types of aerosol forcing. (Fig. 1 middle left) . Also contradictory to the above thermodynamic argument for BC, 118 the temperature response to SO4 is of a similar magnitude in DJF and JJA (Fig. 2) . The CO2 (Fig. 4, bottom left) , 152 highlighting the importance of the inter-hemispheric SST gradient. Consistent with the Hadley 153 cell response, the NH jet stream shifts equatorward in response to SO4, and vice versa to BC. 154 Following the thermal wind relationship (the maximum temperature gradient sets the maximum 155 9 zonal wind), the equatorward shift of westerly winds must be accompanied by a deep cooling 156 structure ( Fig. 1 and Fig. 2 ).
157
The color scale for the SO4 response in Fig. 4 is not reversed as in previous temperature figures, 158 in order to depict the real direction of circulation change. The magnitude of changes in response 159 to BC is weaker due to a smaller forcing magnitude (Table S1 ). In addition, the SO4-induced Under the SO4-induced SST perturbation, the EP flux change is found strongest in the NH mid-177 latitudes 30-40°N, equatorward side of its climatology (Fig. 5b) . Poleward EP flux anomalies 178 reduce the climatological equatorward wave propagation. In the middle troposphere (400-800 179 mb), EP flux convergence (blue) decelerates the vertically average westerly wind at 50-60°N, 180 while EP flux divergence (red) tends to accelerate the westerly wind at 30-40°N. Therefore, 181 westerly winds shift equatorward in response to SO4 (Fig. 4) . Of the total eddy flux, stationary 182 eddies contribute about 60% (Fig. 5c) (Fig. 5a , also seen in Sun et al., 2013) . The refractive index negative 193 anomaly due to perturbed SO4_SST is mainly found in the NH mid-latitude regions (Fig. S2b) , 194 which causes the reduction of wave propagation to the equator (Fig. 5b ). The tropospheric temperature and circulation response to SO4 is also found in the 20th century 218 transient simulation (Fig. S3) 
